The quality attributes of advanced therapy medicinal products (ATMPs) that correlate with safety and efficacy in patients are determined not only by manufacturing process inputs such as starting and raw materials, but also by how the manufacturing process itself is designed and controlled. To ensure regulatory compliance, the manufacturing process should therefore be developed based on thorough characterization of the ATMP during all stages of process and analytical development; this ensures that the critical quality attributes that correlate with safety and efficacy are identified and that their specifications can be met during routine manufacturing. In the European Union, the regulatory approval of ATMPs for use in patients requires that data demonstrating their quality, safety and efficacy are submitted in dossiers to regulatory agencies for review. Indeed, such dossiers have a specific format that, in the case of quality data in particular, is informative for the manufacturing process development strategy. This manuscript describes how dossier requirements can be implemented into the design of industrialized ATMP manufacturing processes and fulfilled to enable effective regulatory submissions. The pace of cell and gene therapy development has increased tremendously in recent years, and the technologies for their manufacture have improved to support robust, efficient and cost-effective production at industrial scale [1] . Based on the design of the manufacturing process and/or the therapeutic use of the final product, most cell and gene therapies are now classified as medicinal products in many global territories
DOI: 10.18609/cgti.2016.056 [2] . This classification as medicinal products (drugs) therefore means that these therapies must comply with stringent regulatory requirements if they are to be authorized for use in patients, either as investigational medicinal products (IMPs) in clinical trials or as licensed medicinal products for sale on international pharmaceutical markets. This is exemplified in the European Union (EU) where medicinal products comprising human cells, genes or tissues are regulated as advanced therapy medicinal products (ATMPs) to distinguish their use from medical procedures involving cell or tissue transplantation.
ATMPs were introduced as a new class of medicinal product in the EU through the so-called ATMP Regulation [3] , which came into effect in late 2008 following the recognition by the European Medicines Agency (EMA; the agency responsible for the scientific evaluation, supervision and safety monitoring of medicines developed by pharmaceutical companies for use in the EU) [4] that cell-, gene-and tissue-based therapies needed more rigorous evaluation than was allowed for by medicinal product legislation in force previously. Products containing cells or tissues are defined as ATMPs if they are manufactured using a process that involves substantial manipulation of the starting materials (cells or tissues), while cells or tissues used in medical procedures only undergo processing via minimal manipulation (and are therefore not considered starting materials for product manufacture). Minimal manipulation may simply involve cell purification (without culture) and/or washing before infusion into a patient (hematopoietic stem cell transplantation being the classic example), and so any processing that is more complex would be considered substantial manipulation (e.g., extended culture and passaging to expand a cell population that will be used as a cell therapy). Gene therapies comprise a separate category of ATMPs whose mechanism of action involves the expression of transgenes. They are manufactured through processes that involve the generation of genetic constructs and their amplification in cell lines, following which they are either purified for direct administration (in vivo gene therapies), or used for transduction of therapeutic cells (ex vivo gene therapies). Both cell therapies and gene therapies are considered to work through a pharmaceutical, metabolic or immunological mode of action [3] , another aspect of their classification as medicinal products. Human or animal cells and tissues can also undergo substantial manipulations to manufacture products for the repair or regeneration of damaged or diseased tissues and organs, generally in combination with a scaffold (so-called tissue-engineered products). However, such products would be classified as gene therapies if the component cells were genetically modified. Therefore, ATMPs (somatic cell therapy medicinal products [SCTMPs] , gene therapy medicinal products [GTMPs] and tissue-engineered products [TEPs] , as defined [3] ) are regulated as medicinal products because their mode of action is typical of other medicinal products, and/or their production involves substantial manipulation and industrial manufacturing processes. The exception to this rule is when cells are only manipulated minimally but are used for a purpose not reflecting the same essential function of the cells in the recipient as in the donor; in this case, such non-homologous therapeutic use of cells means that they are regulated as a medicinal product, i.e., an ATMP.
To determine whether a therapeutic product based on human cells, genes or tissues meets the criteria that define ATMPs, developers can apply for an ATMP Classification [5, 6] from the EMA's Committee for Advanced Therapies, the expert body responsible for reviewing the quality, safety and efficacy of ATMPs [4] .
THE AIM OF MEDICINAL PRODUCT DEVELOPMENT IS TO DEMONSTRATE QUALITY, SAFETY & EFFICACY
The real implication of the classification of cell and gene therapies as medicinal products under the ATMP Regulation is that their development should address the requirements of a medicinal product to successfully obtain, via non-clinical studies and clinical trials, a license for commercial use, i.e., a Marketing Authorisation (MA) [4] . Despite the fact that certain schemes (not discussed here) exist that enable patients to be treated with unlicensed cell or gene therapies, the requirements for achieving MA should not be underestimated, even for autologous products manufactured on a single batch per-patient basis or orphan medicinal products for the treatment of rare diseases. Such products are typical of the eight ATMPs that have already received a MA (Table 1) .
To receive a Clinical Trial Authorisation (CTA) or a MA, the quality, safety and efficacy of ATMPs must be demonstrated. During product development (Figure 1 ), medicinal product safety (i.e., the absence or minimization of adverse events caused by the product) and efficacy (i.e. the ability of the product to induce the desired therapeutic response) are addressed in progressive nonclinical studies and clinical trials. Concurrently, medicinal product quality is demonstrated through the development of a defined and controlled manufacturing process and its associated analytical and stability testing procedures. As discussed later in more detail, medicinal product quality is demonstrated through the so-called CMC studies; on the contrary, the principles of good manufacturing practice (GMP), which concerns operational quality management, are not discussed here. The output of these medicinal product quality development activities can be considered to be a specification defined by a set of characteristics that correlate with safe and efficacious use in patients. According to this regulatory concept of medicinal product quality, those defining characteristics of the specification that correlate with safety and efficacy are a medicinal product's critical quality attributes (CQAs).
The data from the product development phase are presented in a dossier submitted to regulatory agencies for evaluation ahead of CTA or MA. For a CTA application, quality, safety and efficacy data are submitted in an Investigational Medicinal Product Dossier (IMPD) [7] , while a Marketing Authorisation Application (MAA) follows more strictly the Common Technical Document (CTD) format [8] in which quality data are presented in Module 3, and safety and efficacy data in Modules 4 and 5 (nonclinical and clinical study reports, respectively). However, for quality data in f Table 2 ; it is composed of three main sections on Drug Substance, Drug Product (both of which are defined later) and Appendices, each with subsections on specific aspects of quality development. In effect, the structure of CTD Module 3 therefore provides a plan for how a quality development strategy should be designed and executed. The development of a medicinal product involves a number of discrete stages designed to demonstrate the product's quality, safety and efficacy. Typically, product development begins on completion of pre-clinical proof-of-concept (PoC) studies in in vitro or in vivo models of disease (the discovery phase). The developmental medicinal product would then be progressed into nonclinical studies to demonstrate safety and provide an initial indication of mode of action supportive of clinical trials in patients. If a CTA application is approved based on the nonclinical data, the IMP would first be tested for general safety in Phase I (first-in-human) trials, next for doserelated safety and PoC of the therapeutic mechanism (initial efficacy) in Phase II trials, and then for confirmation of efficacy in Phase III (pivotal) trials. Data from Phase III clinical trials are used to support a MAA to the EMA. If an MA is granted, post-approval safety data are required to be obtained through Phase IV clinical trials to maintain the MA. Note, however, that it is not always possible to perform sequential Phase I/II/III clinical trials for ATMPs, and sometimes the pre-pivotal trials follow a combined Phase I/II approach. In parallel with the nonclinical studies and clinical trials, manufacturing process development is undertaken to characterize the quality attributes of the IMP that correlate with safety and efficacy. During early development, a number of characterization and analytical assays should be implemented to identify those assays relevant for basing the proposed commercial process on at MAA, and the selected assays should therefore be fully validated by the end of Phase III at the latest. Post-MA, any changes to the manufacturing process, which may impact on the quality of the medicinal product, will need to be submitted to the EMA as variations to the MA for review and approval for the purposes of maintaining the MA. The effect of the changes on quality compared to the approved product will need to be demonstrated through comparability studies. Additional comparability studies at the level of safety and efficacy may also be necessary.
GUIDANCE ON DEVELOPING
achieve CTA or MA. Two guidelines in particular should be considered essential for developers of ATMPs, these being the Guideline on human cell-based medicinal products (which is applicable to SCTMPs and TEPs) [12] and the Guideline on the quality, non-clinical and clinical aspects of gene therapy medicinal products (which is applicable to both in vivo and ex vivo GTMPs) [13] . For the purposes of this discussion, these and other quality development guidelines will be identified as appropriate throughout the text but it will not be possible to elaborate fully on their content. Note that in cases where cells and tissues of animal origin are used in the development of an ATMP, additional guidance [14] should also be consulted.
ATMP QUALITY IS DEVELOPED THROUGH A THOROUGH UNDERSTANDING OF THE MANUFACTURING PROCESS, ITS INPUTS & ITS OUTPUTS: THE ROLE OF CMC
The aim of regulatory submissions (CTAs and MAAs) is to demonstrate the quality, safety and efficacy of a medicinal product, and this requires thorough knowledge of the product's characteristics and the processes used to manufacture it in addition to nonclinical and clinical data [4] . A medicinal product manufacturing process can be considered, in regulatory terms, to be comprised of two manufacturing processes: manufacture of the drug substance (DS); and manufacture of the drug product (DP). The DS may also be called the 'active substance' or 'active pharmaceutical ingredient', because it is the component of the medicinal product that is responsible for its pharmaceutical activity. For the different classes of ATMPs, the DS is the manipulated cells for SCTMPs, the gene-modified cells for ex vivo GTMPs, the nucleic acid sequence or modified microorganism/virus for in vivo GTMPs, and the manipulated cells and/or tissues for TEPs [3, 15] . The DS is manufactured from starting materials and raw materials: the starting materials for ATMPs would be tissues, cells and/or genetic vector stocks while the raw materials may include, for example, culture medium, serum, growth factors, enzymes and chemical reagents such as detergents and saline buffers. The DP can be considered to be the DS in its final formulation for administration to patients. As such, the DS may be blended with excipients (non-pharmaceutical ingredients that are essential to the DP composition; e.g., a cryopreservation medium for SCTMPs, or a stabilizing agent for in vivo GTMPs) and will be filled into an appropriate container for storage and shipping (see Table 1 for descriptions of the DS and DP of ATMPs that have received a MA). All aspects of medicinal product manufacturing process development must therefore address starting materials, raw materials, excipients, the DS, the DP and the DS and DP containers in a way that is appropriate for regulatory review ahead of CTA or MA. Together, the studies performed to demonstrate medicinal product quality through manufacturing process development in this way are referred to as CMC (chemistry, manufacturing and controls).
As the term suggests, CMC has its roots in the development of small molecule drugs. By extrapolation to ATMPs, the chemistry element can be considered to mean the raw materials, starting materials and excipients used, and also the composition of the process outputs (intermediates, DS and DP); the manufacturing element can be considered to mean how the manufacturing process(es) is (are) developed and validated; and the controls element can be considered to mean how the manufacturing processes are shown to operate within parameters such that their outputs (DS and DP) meet the specifications shown to correlate with safety and efficacy in clinical use. Therefore, a manufacturing process that is controlled on all levels (inputs, process steps, analytical methods, outputs, validation) is key to the development of medicinal product quality, and should be presented accordingly, in CTD Module 3 format, for the review of EU regulatory submissions.
Mapping a developmental manufacturing process to CTD Module 3
The structure of CTD Module 3 (Table 2) [8] can be thought of as providing a blueprint for developing a CMC strategy to create the final, controlled ATMP manufacturing process. As a first step in mapping a developmental manufacturing process to CTD Module 3, the starting materials, the DS and the DP should be defined, thereby splitting the overall process into sub-processes as they will be presented in Module 3 and enabling each to be addressed specifically and appropriately. Definition of starting materials, DS and DP can be aided by the EMA's ATMP Classification procedure [4] , and starting this procedure early in development can therefore be advantageous to the implementation of an effective CMC strategy. The Common Technical Document (CTD) describes the format for MAA submissions in the EU. Module 3 is used to present CMC data generated during the quality development stage, and the format of Module 3 is also used in Section 2 of the IMPD used to support CTA applications. Module 3 is divided into three sections on drug substance, drug product and appendices, and the content required in each section is shown here. A medicinal product quality development strategy therefore requires a full understanding and characterization of the manufacturing processes for both drug substance and drug product. In combination with appropriate guidance documents (see text for details), Module 3 can be considered to provide a blueprint for developing ATMP quality through CMC. Guidance on the CTD itself can be found in [8] , and on the IMPD in [7] .
Once the starting materials, DS and DP have been defined, a process for manufacturing an ATMP from the starting materials through the DS and DP stages can be outlined, as shown schematically in Figure 2 , and elaborated on to build a CMC strategy for the manufacturing processes involved in the development of any ATMP. However, further complexity can arise (e.g., intermediate products and the timing of release testing) and this is discussed later in relation to ATMPs typical of those currently in development.
The ultimate goal of CMC is a controlled manufacturing process
Understanding how the combination of all operations involved contributes to the composition and activity of the final product (in terms of both DS and DP) is highly important when developing an ATMP manufacturing process [16] . In reality, manufacturing processes for ATMPs are much more complex than outlined in Figure 2, involving multiples steps and possibly intermediates. Controlling all aspects of the process is therefore crucial -and essential at the point of critical steps and intermediates -to ensure that the desired output (i.e., a product with defined CQAs linked to nonclinical and clinical data) is obtained. Process control is achieved through monitoring of defined process parameters (e.g., bioreactor settings such as temperature, agitation speed, feed rate) and in-process controls (IPCs) for which acceptance criteria are set. The purpose of IPCs is to enable continuous monitoring of the quality attributes of DS and DP such that potential issues that may lead to an out-of-specification product can be identified. Therefore, all process f The Common Technical Document (CTD) describes the format for MAA submissions in the EU. Module 3 is used to present CMC data generated during the quality development stage, and the format of Module 3 is also used in Section 2 of the IMPD used to support CTA applications. Module 3 is divided into three sections on drug substance, drug product and appendices, and the content required in each section is shown here. A medicinal product quality development strategy therefore requires a full understanding and characterization of the manufacturing processes for both drug substance and drug product. In combination with appropriate guidance documents (see text for details), Module 3 can be considered to provide a blueprint for developing ATMP quality through CMC. Guidance on the CTD itself can be found in [8] , and on the IMPD in [7] .
steps and intermediate products that contribute to a product's quality attributes, including the critical steps and intermediates that determine CQAs, should be monitored through IPCs. Examples of how IPCs could be used for ATMPs may include the monitoring of cell confluence, cell morphology, cell population doubling level (PDL) and doubling time (Td), cell yield and viability on passaging, viral genome copy number and bioburden of intermediate products. However, specific IPCs should be assigned on a product-by-product basis, the full complement of which will require that the DS and DP manufacturing processes are fully mapped out in terms of their component steps. Acceptance criteria should be set and justified based on data obtained during the development phase that demonstrate robustness of the process in terms of generating DS and DP with the requisite quality attributes, which are characterized as discussed below.
EXTENSIVE PRODUCT CHARACTERIZATION IS NEEDED FOR THE DEVELOP-MENT OF PRODUCT QUALITY THROUGH SPECIFICATION SETTING

Control of DS & DP through critical quality attributes
As discussed earlier, the concept of medicinal product quality can be considered to be the development
The chemistry, manufacturing and control elements of advanced therapy medicinal product manufacturing process development. 
Characterization
The development of a manufacturing process for a medicinal product (including an ATMP) can be considered to involve, first, manufacture of the drug substance from the starting materials and raw materials, and second, manufacture of the drug product from the drug substance and raw materials and/or excipients. The starting materials for ATMP manufacture include donated cells or tissues, banked cell lines and banked viral vectors expressing cloned genes (other types of vectors may also be used). Raw materials may include cell culture medium, serum and cell dissociation agents, while excipients (non-pharmaceutical ingredients of the final product) may include stabilizers or cryopreservatives. The drug substance is the active substance/active pharmaceutical ingredient responsible for a medicinal product's therapeutic effect, and the drug product is the drug substance in its final formulation for administration to patients. The drug substance and drug product should be fully characterized during the development phase using appropriate analytical methods to identify the product-specific quality attributes (see text for details). The critical quality attributes that correlate with safety and efficacy in patients are typically used to define a release specification and stability profile for drug substance and/or drug product. Some of the quality attributes included in the release specification and stability profile (e.g., potency, product-related impurities) will be defined and justified as ranges based on data obtained during process and product characterization. The steps of the manufacturing process should be controlled through process parameters and in-process controls to ensure that the specifications can be achieved.
Together, all activities involved in manufacturing process development (inputs, process steps, analytical methods, characterization, outputs, validation) are referred to as CMC (chemistry, manufacturing and controls).
of a specification defined by CQAs that correlate with safe and efficacious clinical use. Scientific Guidelines on ATMP development published by the EMA [12, 13] describe which product characteristics should be used as CQAs for SCTMPs, GTMPs and TEPs, and it is important to note that specifications apply to both the DS and DP components of these products. In principle, the basis for DS release testing is to demonstrate that it is of the appropriate quality for use in DP manufacture, while the basis for DP release testing is to demonstrate that the final product is of the appropriate quality for use in patients. However, it will be seen later that sometimes it is necessary to release final products on the basis of a DS specification, or that DS specifications should instead be applied to an intermediate as a surrogate, thus further highlighting the importance of fully characterizing both DS and DP. There are differences between those CQAs required for cell-based ATMPs and in vivo GTMPS, but potency, content, identity, purity and impurities are of primary importance for all ATMPs and should be characterized using product-specific assays (referred to as analytical methods in the CTD). Other CQAs are somewhat generic but are considered essential for patient safety, for example, microbiological sterility, absence of mycoplasma and absence of endotoxins (tests that, for all ATMPs, should be performed according to validated standard European Pharmacopoeia methods, unless otherwise justified in the regulatory submission). Specifications for sterility and mycoplasma are absolute values (sterile, not detected) but other specifications (potency, content, impurities) will be reported as a range of values based on data from batches manufactured during development. These data should be used to set upper and lower limits dictated by manufacturing process experience from batches shown to be safe and effective in nonclinical and clinical studies, or from batches used for process validation and verification.
Potency is a quantitative measure of how a medicinal product's biological activity correlates with or predicts the desired therapeutic effect. Potency is unique in being the only CQA linked directly to efficacy, rather than product composition. Various biological activities considered appropriate to a product's mechanism of action in patients should be assessed during development to determine, through analysis of clinical data, which most reliably indicates a product's potency for the release specification [4,12,13,17,18]. Depending on whether an ATMP is considered to work through a pharmaceutical, metabolic or immunological mode of action, or be involved in tissue repair and regeneration, potency assays may be based on expression of markers of specific cell types whose content is linked to efficacy; expression or secretion of specific molecules and analysis of their biological activity; infectivity of a viral vector (together with biological activity of the expressed product); or in vitro lysis of target cells (e.g., tumor cells). Surrogate assays may sometimes need to be developed to obtain timely results when mechanisms of action are complex.
Identity assays for cell-based ATMPs will be based on phenotypic and/or genotypic analysis of the expression of specific markers for one or more cell populations. Where the DS is a heterogeneous cell population, the identity markers may also be used to quantify the content of each population, and the content data may then be used to determine the purity of the different cell types.
Impurities may be either product-or process-related. Product-related impurities for cell-based ATMPs may include non-viable cells, cells from tissue biopsies that do not contribute to the therapeutic mechanism, or a progenitor cell type when the DS is defined by a differentiated cell population. Product-related impurities for in vivo GTMPs may include residual therapeutic protein expressed by the vector and empty virus particles. At least some product-related impurities will form part of the DS and DP specifications. Process-related impurities will be derived from the raw materials used and must be controlled because, depending on the nature of the raw material, residual amounts in the final product may have toxic or immunogenic activities in patients. Therefore, the manufacturing process will need to be validated to show that these materials are cleared from the final product. Contamination with adventitious agents represents another potential process-related impurity. Although starting materials and raw materials should be controlled for adventitious agents prior to use, they may still be introduced during the process or amplified in culture even when tests (which are based on limit of detection) provide negative results. Consideration should therefore be given to the use of in-process controls and the testing of intermediate products where appropriate, even though appropriate facilities controls should also be in place to prevent contamination.
Specifications for CQAs such as potency, identity, purity and impurities can only be developed by thorough characterization to determine, for the purpose of selecting potency and identity assays, which biological activities and phenotypic properties of the product may best predict clinical benefit; and, for the purpose of selecting assays for content, purity and impurities, how the process contributes to the overall composition of the DS and DP. Ultimately, all specifications must be justified based on the analysis of data from manufactured batches, and so it is important to implement as many assays as considered appropriate for full characterization starting in early development such that sufficient data are available to make an informed decision on which assays should be chosen for CQAsand subsequently fully validatedin late development (assays should be suitably qualified in early development to show that they are fit for purpose and generate reliable data). A scientific and technical justification must be provided in the MAA in case certain release tests cannot be performed. In such circumstances, adequate in-process controls should be incorporated into the manufacturing process, supported by the results of the clinical studies.
In addition to the ATMP-specific guidelines [8, 12] , the ICH Q6B guideline Specifications: Test Procedures and Acceptance Criteria for Biotechnological/Biological Products [17] also provides guidance of relevance to ATMP developers on product characterization and setting of specifications.
Further characterization is needed to determine other quality aspects of ATMPs that will not become part of the DS or DP specification but are predictive of safety and efficacy, for example tumorigenicity potential and karyotypic stability for SCTMPs and TEPs (the primary guidelines on ATMPs provide a full discussion [12, 13] ).
Demonstrating the stability of DS & DP
Stability testing is required to generate data in support of shelf lives of DS, DP (in the final container) and any intermediates for presentation in the IMPD and MAA, and these data should be acquired throughout the product development phase as part of the characterization studies. However, DS stability testing is not always relevant when the DS is immediately processed into the DP. Stability testing should incorporate a similar analytical testing plan as is used for product characterization, although it may be necessary to use stability-specific tests either additionally or instead to create a stability-indicating profile. While not all characterization and stability assays will be available and/or fully validated until the later stages of development, it is important to begin a stability testing program with available assays as early as possible in development because stability data need to be included in regulatory submissions throughout the clinical development phase even prior to MAA. Guidance on stability studies can be found in the ATMP-specific scientific guidelines [12, 13] and also in Note for Guidance on Quality of Biotechnological Products: Stability Testing of Biotechnological/Biological Products CPMP/ICH/138/95 [19] . Like the ICH Q6B guideline [17] , this latter guideline was written for biological/biotechnological products but is acknowledged as also having relevance for ATMPs.
For ATMPs, in-use stability should also be studied to determine the time window within which the product should be used at the point of use. Various scenarios can be envisioned, which for cell-based ATMPs primarily concern their viability as an indicator of stability. For example, the in-use stability of TEPs, which because of their nature are likely to be shipped as non-cryopreserved products immediately on DP formulation, may only be a few hours and will also include the shipping time until the product reaches the surgical site. Similarly, cells that cannot be cryopreserved at the DP stage will need to be shown to withstand shipping times and conditions as part of their in-use stability profile. Considerations for products that can be cryopreserved at the DP stage will need to include how they are further stored at point of use and also the timeframe in which they are used on controlled thawing, which may require time for further preparation (such as compounding of lots) as well as time for administration to the patient.
Container closure systems
Another aspect of overall product characterization and stability testing is the determination of the suitability of container closures systems for DS and/or DP, data for which are presented in specific sections of CTD Module 3. Even for ATMPs that have a short in-use shelf life, a container closure system of some description (e.g., transfusion bags or cryovials) in which the final product is formulated and transported from the manufacturing site to the point of care will be needed. For any product formulation, the container closure system must be demonstrated to be suitable. This may include suitability in terms of its potential effects on the CQAs of the product, compatibility with the product in terms of any extractable or leachable components that may contaminate the product, compatibility with the formulation in terms of adsorption of the active substance and/or excipients to surfaces, compatibility with storage temperature (including freeze-thaw manipulations for cryopreserved products) and suitability in terms of maintaining a product's quality during transport via the means that will be used to distribute the clinical or commercial product. Appropriate evaluation or validation studies will therefore need to be undertaken.
Manufacturing process development & comparability studies
Regulatory agencies understand that manufacturing processes will evolve during the developmental phase to improve the product through the refinement of specifications and/or the use of more suitable materials, implementation of more efficient/ robust process steps and controls, or use of improved analytical methods. Indeed, the role of process development experimentation is to create a fixed process comprising defined operations, PPs, IPCs and DS/DP/ intermediate quality attributes such that those critical to determining product quality can be identified. Changes in manufacturing processes made for these purposes must therefore be demonstrated to maintain or improve product quality (in terms of characterization data and process controls), and this is the basis of comparability studies. Comparability studies therefore compare the quality of a medicinal product manufactured according to the current and proposed new processes using some or all of the assays implemented to characterize the product, control the process, develop the release specifications and determine stability. Comparability studies are typically performed at the level of product quality initially, and clinical data will only be required if comparability cannot be demonstrated through CMC and/or nonclinical studies. Guidance on comparability studies that can be applied to ATMPs is provided in the ICH Q5E guideline, Comparability of Biotechnological/Biological Products Subject to Changes in their Manufacturing Process [20] .
Technology transfer & process validation
The final step in manufacturing process development of medicinal products is process validation, which is done in parallel to or following the successful pivotal clinical trial to ensure that the commercial process being proposed in the MAA is fit for purpose (i.e., can reproducibly deliver a product with the requisite quality attributes predictive of safety and efficacy at the scale required to supply the market Technology transfer of a process will typically involve, first, shakedown runs to adapt the process to GMP requirements and finalize operating procedures; second, engineering runs to confirm the procedures and demonstrate robustness and reproducibility of the process in support of initiation of clinical manufacturing; and third, GMP manufacturing runs to supply product to clinical trials. DS, DP and intermediates from engineering and GMP runs are typically used in characterization and stability studies.
Validation of the commercial process is carried out ideally at industrial scale as required for commercial supply. Historically, a minimum of three successful engineering runs has been considered necessary to demonstrate that the process is validated, but product requirements should be evaluated individually through a risk-based approach that takes into account process and product knowledge together with continuous validation requirements over the product lifecycle.
CONTROLLING ATMP QUALITY THROUGH PROCESS INPUTS: STARTING MATERIALS, RAW MATERIALS & EXCIPIENTS
Starting materials
An ATMP's ultimate specification is a reflection of data generated during development to characterize its full complement of quality attributes and identify those that are critical to safety and efficacy. Quality attributes are essentially intrinsic properties of the starting materials used in product manufacture, and the quality of the starting material therefore influences the quality of the product. For a cell-based ATMP, for example, this may be in terms of the ability to obtain the cell population with the desired therapeutic activity in sufficient quantity and/ or eliminate undesirable cellular impurities or contamination with adventitious agents that may overtake the culture or put patient safety at risk.
Starting materials for ATMP manufacture are cells, vector stocks or tissues of human and/or animal origin, and this presents the need to control the spread of disease-causing and other adventitious agents (viruses, bacteria, fungi, mycoplasma and transmissible spongiform encephalopathy [TSE] agents). Cells may be either autologous or allogeneic donations (e.g., a leukapheresis sample), or a qualified, GMP-grade cell bank (e.g., pluripotent stem cells or a cell line used to amplify a viral vector). Vector stocks (e.g., adenovirus or retrovirus constructs containing therapeutic gene sequences and any associated helper viruses) can be considered analogous to cell banks, and therefore should also be appropriately qualified and manufactured in accordance with GMP. Finally, tissues may be either autologous or allogeneic donations (e.g., a corneal biopsy). The source and nature of the starting material will therefore determine the appropriate control measures for its use in ATMP development and manufacture. Donated cell and tissue starting materials should be procured in accordance with the donor consent and screening procedures described in the EU Tissues and Cells Directives [23] [24] [25] [26] or the Blood Directive plus its three technical directives [27] [28] [29] [30] to prevent the transmission of diseases. Additionally for such starting materials, it will likely be necessary to set, as appropriate, further quality parameters with associated acceptance criteria, including bioburden, absence of mycoplasma, delivery time from the procurement site, tissue size/volume/physical form, total cell number obtained and viability of the cells obtained. Donated tissues may often be non-sterile when procured and so initial processing steps may need to be performed in the presence of antibiotics to reduce the bioburden. However, antibiotics will need to be removed from the process prior to DP formulation and be demonstrated to not present a process-related impurity.
Cell banks and virus seed stocks are required to be manufactured in accordance with certain guidelines to ensure their suitability for ATMP manufacture. Specifically, cell bank starting materials should be manufactured and characterized in accordance with the ICH Q5D guideline, Derivation and Characterization of Cell Substrates Used for Production of Biotechnological/ Biological Products [31] . The typical approach described in this guideline is to create a two-tiered cell bank, in which a master cell bank (MCB) is initially produced from which one or more working cell banks (WCBs) are then derived to guarantee that the capacity of the bank is sufficient to enable continued supply of the starting material (i.e., the WCB) for commercial manufacture without depleting the MCB. This is of both financial and operational importance because the level of characterization and testing required for the MCB is greater than for the WCB. Therefore, if a fully characterized MCB can be shown to be stable over a long period of time, it is quicker and cheaper to derive new WCBs from it when required rather than derive one or more MCBs, which would also need to be demonstrated to be suitable for medicinal product manufacture through comparability studies. Characterization of cell banks according to ICH Q5D is carried out to ensure, among other things, sterility, absence of adventitious agents (also taking into account the ICH Q5A guideline [32] ), cell identity, purity, karyotypic stability and MCB/WCB stability. Note that qualification of cell bank starting materials in this way (which is usually done by a contract manufacturer) does not reduce or negate the need to characterize drug substances and drug products derived from them, which should always be done according to the appropriate guidelines [12, 13] as discussed above.
Starting materials for GTMPs will depend on the vector being used. As an example, those for adenovirus-associated (AAV)-based vectors such as Glybera (Table 1) [33] will include the virus seed stock (or stocks when helper vectors are needed to assemble the complete therapeutic virus particle) and the producer cell line for amplifying and packaging the virus [34] . In common with cell lines, virus seed stocks should be banked as master and working virus seeds (MSVs and WSVs) whenever possible. The producer cell line(s) will need to be qualified according to ICH Q5D [31] as described above, while the MSV and WSV are characterized as described in the GTMPs guideline [13] . Characterization should include the confirmation of genetic (genome sequence) and phenotypic (capsid/ envelope proteins) identity, virus concentration and infectious titer, genome integrity, expression of the therapeutic sequence, phenotypic characteristics, biological activity of therapeutic sequence, absence of replication competent virus, inter-vial homogeneity, sterility and absence of mycoplasma. Additionally, the complete sequence of the therapeutic and regulatory elements, and where feasible the complete sequence of the virus in the seed bank, should be confirmed.
Raw materials & excipients
As well as starting materials, the potential for contamination with disease-transmitting and other adventitious agents is also a risk for raw materials or excipients of biological origin, both human-and animal-derived (e.g., bovine serum, porcine trypsin and human fibrin).
The selection of such materials should therefore be carried out in consideration of European Pharmacopoeia monographs and specific EMA Scientific Guidelines [35, 36] , including those for human donors [24] [25] [26] [27] [28] [29] [30] , to ensure that viral and TSE risks are eliminated. Risks posed by xenogeneic viruses and TSE agents (particularly bovine spongiform encephalopathy) mean that animal-derived materials should be avoided if possible, and full qualification based on risk assessment is necessary when they must be used.
Other than bovine serum, water for injections and miscellaneous chemical reagents, very few pharmacopeial-grade raw materials suitable for use in the manufacture of cell-and gene-based medicinal products are currently available, and out of necessity, non-pharmacopeial grade (research-grade) materials must be used instead. For pharmacopeial-grade materials, no further testing is required if appropriate certification for suitability and microbial tests can be provided by the supplier. If it is not possible to use pharmacopeial-grade materials, the developer should implement tests (either inhouse or through a contract testing laboratory) for assessed risks and provide justified acceptance criteria for the materials selected. This is true for raw materials of both biological and non-biological origin.
Risks associated with non-biological raw materials and excipients may include contamination with bacteria, fungi and/or bacterially derived endotoxins, lack of a desired activity, presence of undesirable impurities, or absence of data confirming the identity of the material itself. Assessing the risks may also require that suppliers are audited to ensure the suitability of their own facilities, processes and materials, and service level agreements should be in place to ensure the quality of the materials supplied. This level of qualification also applies to materials that may be labeled as GMP-grade, which essentially is an indicator that a material has been manufactured in accordance with a GMP quality management system in a licensed facility and should not be interpreted as an indicator of suitability for use in medicinal product manufacture. Volume 9 of the European Pharmacopoeia, due to come into effect on 01 January 2017, will contain a new general chapter on "Raw materials of biological origin for the production of cell-based and gene therapy medicinal products for human use" that will provide guidance on how certain non-pharmacopeial raw materials used in ATMP manufacture should be selected and qualified. The guidance provided will be similar to that in Chapter 1043 of the US Pharmacopeia [37], which is applicable for cell and gene therapies being developed in the USA but may also be useful in principle to EU developers.
Sterility is a crucial element of the specification for ATMPs. Therefore, risks to sterility presented by raw materials, many of which may be combined into a culture medium for cell growth, must be controlled. Culture media are typically sterile filtered prior to use, but filtration alone is not sufficient to guarantee sterility because the efficiency of a sterilizing filter depends on the bioburden level in the material to be filtered. Therefore, the bioburden level in all non-sterile components of a culture medium should be determined (according to pharmacopeial methods) prior to filtration to ensure that the bioburden level in the complete medium is not too high to be cleared by filtration. Applicable guidance is provided in an EMA Scientific Guideline on finished dosage forms [38] . Furthermore, the efficiency of sterile filtration should be tested using pharmacopeial sterility or filter-integrity tests.
Certain excipients that may be used in the formulation of ATMPs will also have pharmacopeial monographs; they can therefore be considered suitable in terms of their quality but should also be characterized with respect to their combination with the active substance. For excipients used for the first time in ATMP development, the regulatory requirements for novel excipients in Annex I of Directive 2001/83/EC1 [39] apply.
SPECIFIC CMC CONSID-ERATIONS FOR COMMON AMTP MANUFACTURING SCENARIOS
To illustrate how the principles discussed above apply to real-world ATMP development programs [40] , considerations for manufacturing ATMPs from donated tissue or banked cell starting materials will be outlined. These considerations will also need to take into account whether the manufacturing process is based on a scale-out (small batch size; e.g., autologous products, one batch per patient) or scale-up (large batch size; e.g., allogeneic products, multiple identical doses per batch) approach, and the specific bioprocessing technologies involved [1] . The development of many ATMPs actually begins from donated tissue starting materials, and mesenchymal stem cells (MSCs) will be used to highlight principles that will also apply to other types of ATMPs, such as ex vivo GTMPs and TEPs. Banked cell starting materials will instead be discussed from the perspective of in vivo GTMPs.
Manufacturing ATMPs from donated tissue starting materials
MSCs are commonly used adult stem cells for ATMP development [41] that can be isolated from donated tissue starting materials such as bone marrow, umbilical cord blood and adipose tissue [42] , which are typically of allogeneic origin although autologous tissues may also be used [43] . However, in common with other cells isolated from donated tissues, their bioprocessing at industrial scale presents a number of challenges [44, 45] and concerns related to the heterogeneity and donor-to-donor variability of the starting materials from which they are obtained, the low percentage of MSCs within these starting materials, the finite lifetime of the cells in culture and the development of appropriate potency assays reflective of clinical mode of action [46] [47] [48] [49] [50] [51] .
Various bioprocessing technology options may be employed for large-scale manufacturing of MSCs once isolated from the starting material, but in all cases the manufacturing process is based on expansion of a selected cell population expressing the MSC phenotype [52] . It is this expansion stage that determines how the characterization and control strategy should be designed and implemented in consideration of the chosen bioprocessing technology. The objective of the expansion phase is to increase the yield of MSCs with the desired phenotype, i.e., to obtain sufficient MSCs for therapeutic use within their finite in vitro lifespan [53, 54] . This latter characteristic of MSCs, together with potentially low initial yields from some tissue biopsies [55] , means that one biopsy can only be used to manufacture a limited number of batches of the final MSC-based product. The process must therefore be designed to be sufficiently robust and reproducible to manufacture multiple batches of an ATMP with consistent specifications from any number of biopsies of the appropriate tissue type. Process robustness and reproducibility are ensured through IPCs applied to different stages of the manufacturing process, such as the monitoring of PDL, cell Td, morphology and confluence, the timing of cell detachment steps, and the control of any cell washing, concentration and filling procedures.
The simplest manufacturing process scenario would involve continuous expansion of MSCs isolated from the starting material until sufficient numbers can be harvested to formulate the product. This scenario reflects the basic outline shown in Figure 2 ; the DS would be the cells at the end of the final passage, and DP manufacture would involve harvesting the cells (DS) from the culture vessels, resuspending them in an appropriate medium and filling them into bags or vials at a defined concentration and volume, ready for dosing. In practice, however, such a simplistic manufacturing process cannot fulfill the requirements of regulatory-compliance for two main reasons.
One problem associated with running the manufacturing process continuously is that the expansion phase may generate cell numbers that cannot be handled efficiently at the formulation phase. Therefore, following an initial expansion phase, it may be appropriate to introduce a cryopreservation step to provide individual cell aliquots for further processing. MSC isolation and expansion will represent an intermediate stage between the starting material and the DS (Figure 3) . The most appropriate definition for the MSC intermediate product, according to the Guideline on Human Cell-based Medicinal Products [12] , would be an intermediate cell batch (ICB), which effectively is a limited bank of primary cells from which the DS is manufactured. Such a bank of cells should therefore be characterized for quality attributes as described in the guideline, and also as described in the ICH Q5D [31] and Q5A [32] guidelines where appropriate. It would also be prudent to characterize the ICB as being phenotypically representative of the cell type required for further DOI: 10.18609/cgti.2016.056 product manufacture. However, the ICB should not be considered analogous to a MCB as described in ICH Q5D, because the ICB is comprised of primary cells that must be derived on a more regular basis for product manufacture than a continuous cell line. Nonetheless, specifications for the ICB should be set, including cell identity (MSC phenotype and/or genotype), purity, sterility, adventitious agent safety and stability. The size of the MSC ICB manufactured in this way will depend mainly on the viable cell yield obtained from the starting material because, although the cells will be expanded in culture, consideration will need to be given to PDL of the cells used to formulate the final product. Therefore, process development and product characterization should address the appropriate PDL at which the ICB should be banked and the DS defined (the stage at which cell expansion stops), in terms of the quality attributes required by the final product including the target dose. This will differ from product to product.
Of greater concern, a second problem associated with running the manufacturing process continuously is that it does not provide the opportunity to obtain release test data confirming the specifications of DS and DP before the final product is used to treat patients. Downstream of ICB production, the next stage in the manufacturing process would be to further expand a number of cells from the ICB until the required number for dosing is obtained within the PDL necessary to deliver the requisite CQAs (potency, identity, viability, purity). At the end of this expansion phase the cells would be cryopreserved again as the DS batch, thus enabling the DS release specifications to be determined using a representative sample of cryopreserved aliquots thawed from the total batch. In this respect, it is possible to determine (in combination with stability studies) that cells thawed from the final cell bank (FCB) comprising the DS will retain the requisite CQAs for use in patients. However, because any further processing of the cells on thawing is likely to be minimal (e.g., washing or dilution), whether the FCB really represents the DP as well as the DS can be questioned. What is important in this situation is that the full complement of CQAs is determined on the FCB and that any additional tests necessary on thawing (e.g., determination of cell numbers and viability) are performed before administration. Agreement with regulatory agencies through scientific advice procedures may be necessary to obtain endorsement for the characterization and control strategy (including definition of DS and/or DP) proposed.
Cryopreservation of the FCB also provides convenience in enabling the cells to be thawed when needed for administration to patients. Ideally, this is carried out at the point of care because the shelf life of the cells will be short. Therefore, the need to ship fresh cells requires careful consideration of end-to-end manufacturing and supply chain logistics [1,56,57]. If developmental studies show that the FCB can be cryopreserved and administered on thawing without further culture, cryopreservation of the FCB provides convenience to the supply chain in being able to manufacture a product that can be shipped frozen and further stored at clinical sites within the shelf life demonstrated by stability studies. In this
Manufacturing process development scenario for a mesenchymal stem cell product. for example doubling time, population doubling level, morphology and surface marker profile analysis, cell yield, viability and confluence. Additionally, cryopreservation of the ICB enables the MSCs isolated and expanded from the starting material to be fully characterized to ensure their suitability for further product manufacture. The non-continuous nature of this process illustration also allows a full set of release tests to be performed on the drug substance (DS), which is defined as the cells at the end of the final expansion phase (note that additional ICBs may therefore be introduced before the DS if considered necessary). However, and as discussed in the text, depending on the timing of the DS release tests (before or after cryopreservation) and the process operations that generate drug product (DP) from DS, the DS and the DP may essentially be considered identical and reduced release testing on the DP may be justifiable. As well as the determination of release specifications and stability profiles for DS and DP, extended characterization may be considered on cells representative of the final product (DP) to assess the tumorigenicity potential of cells at the end of the manufacturing process [12] .
case, the clinical site will need to be provided with validated instructions on how to prepare the product for administration (e.g., wash to remove cryopreservative). It is true, however, that not all ATMPs can be cryopreserved to enable release testing to be performed before patient treatment, with TEPs providing the best example. For such products, the DP may need to be released on the basis of DS testing, but DP release tests should still be performed so that specification data can be obtained post-administration for information that may be used to evolve the manufacturing process or inform the results of patient follow-up. For some ATMPs, it may also be appropriate to perform release tests on an ICB as a surrogate for the DS, which may also substitute for DP release testing prior to administration. This reduced testing at the DP stage should be justified based on the relative risks posed by process operations from DS to DP, and appropriate control through the use of carefully selected IPCs should be demonstrated where necessary. The manufacturing process for Holoclar (Table 1) provides a good example [58] .
Manufacturing ATMPs using established cell banks as starting materials
Established cell banks that can be used as starting materials for ATMP manufacture may include induced pluripotent stem cells (iPSCs) for the derivation of terminally differentiated cells that may have therapeutic applications [59] [60] [61] [62] , and producer cell lines used in the production of viral vectors [63, 64] . All such cell lines should be manufactured and characterized in accordance with the ICH Q5D guideline [31] and other relevant guidelines [12, 13] to qualify them for use as starting materials in ATMP manufacture. Note that cell lines can also be classified as raw materials, for example xenogeneic feeder cells on which human stem cells may be cultured [58] .
It is possible that these cell line starting materials could be used to manufacture the DS either indirectly (i.e., via intermediates) or directly. For example, the derivation of terminally differentiated cells (such as mesenchymoangioblast-derived MSCs [65] and retinal pigment epithelial cells [66] ) as a DS from iPSCs may occur through a direct process, but the production of a viral vector would require several intermediates (Figure 4 ). Whilst some in vivo GTMPs (such as the oncolytic virus product, Imlygic; Table 1 ) may be replication-competent [67] , other viral vectors including those used for used for ex vivo gene therapy should be replication-deficient for patient safety reasons [68] , and this means that the replication and packaging of the viral genome in a cell line requires helper viruses which provide those functions in trans. Therefore, the working seed stocks of the replication-deficient therapeutic virus and the helper viruses, which are classified as starting materials according to the EMA guideline [13] , are initially amplified as intermediates that are then used to infect the producer cell line.
The production of viral vectors involves the generation of a number of other intermediates. In fact, the production of viral vectors is more similar to the production of therapeutic recombinant proteins than cell-based ATMPs, involving expression of the vector in the producer cell line followed by chromatographic purification together with filtration,
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Viral vector production and purification
Formulation of purified viral vector
Starting materials for viral vectors include (i) the working seed virus stocks of the replication-deficient viral vector expressing the therapeutic gene and the helper viruses which provide replication and packaging functions in trans, and (ii) the working cell banks of the cell line(s) used to amplify the working virus seeds and the cell line used to produce the therapeutic viral vector. Production of the therapeutic viral vector will first involve expression of the viral vector and helper viruses in the producer cell line, all of which are initially amplified in culture as intermediates. Prior to use in drug substance (DS) manufacture, the intermediates should be tested for certain quality attributes (e.g., virus titer) for which acceptance criteria have been set. The DS manufacturing process will involve amplification of the therapeutic viral vector in a large-scale culture prepared from the intermediates, followed by cell lysis and chromatography to purify the virus. All process steps should be subject to IPCs, for example to monitor the virus titer at each step. The drug product (DP) manufacturing process will involve formulation of the purified therapeutic viral vector as doses for administration to patients, and should also be subject to appropriate IPCs. The release specifications for DS and DP should involve a number of assays as defined in guidance documents [13, 19] , with the exact tests performed on DS and DP being related to the risks to product quality presented by each process.
concentration and buffer exchange. These steps will generate a number of intermediate products that should be subject to IPCs to control the CQAs of the final product. Of course, considerations for DS and DP testing as discussed above for donated tissue-derived ATMPs may also apply to banked cell-derived ATMPs and should be incorporated into the development strategy. For ATMPs derived from both donated tissue and banked cell starting materials, it is therefore important to determine the approach most appropriate to manufacturing process development and control for any individual product, and this may involve discussions with regulatory agencies at scientific advice meetings.
CONCLUSIONS
This article has discussed those aspects of ATMP quality development that should be addressed to enable dossiers suitable for EU regulatory submissions to be compiled. ATMPs comprise a diverse class of products, and although each product will have its own specific quality development requirements, common CMC principles as highlighted here apply to all. Combined ATMPs (incorporating a medical device) [3] create further product diversity but have not been discussed here. However, the same principles described in this manuscript would apply to the ATMP component, although they would additionally need to be thoroughly characterized in combination with the device.
Like all medicinal products in development, not every investigational ATMP will progress successfully through clinical trials to MAA stage, but designing the development program with a MAA in mind can maximize the chances of success for all products and be further enabling for those products that will hit this milestone. For an effective quality development program, understanding the CMC requirements of CTD Module 3 is useful in this respect to enable a manufacturing process to be designed and implemented in line with the common CMC elements that need to be addressed in a regulatory submission, and to keep pace with a successful clinical development programme heading towards pivotal trials and MAA.
Product-specific CMC considerations will vary according to nature of the starting material (autologous vs allogeneic), the ATMP classification (SCTMP, GTMP or TEP) and the manufacturing process modality (scale out or scale up; intermediate steps or continuous processing), all of which will impact on how the DS and DP manufacturing processes are designed and controlled to enable appropriate characterization studies to be performed that will be supportive of product release to patients. 
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